ABSTRACT: Whole prey diets are commonly used in the zoo and home setting for captive exotic and domestic cats, respectively. Despite their increase in popularity, nutrient digestibility of such diets has been poorly studied. In this study, the precision-fed cecectomized rooster assay was used to determine the protein quality and nitrogen-corrected true ME (TME ) and 2 ground poultry-based products (chicken and duck). Amino acid score (AAS) and protein digestibility corrected AAS (PDCAAS) were calculated using the nutrient profile recommendations for domestic cat food as a reference value (AAFCO, 2012). Average individual indispensable AA (IAA) and total IAA (TIAA) digestibility coefficients were variable anddepended on AA (84 to 94% TIAA, 85 to 95% Arg, 87 to 96% His, 82 to 92% Ile, 84 to 94% Leu, 85 to 93% Lys, 89 to 97% Met, 83 to 94% Phe, 80 to 95% Thr, 84 to 94% Trp, and 80 to 93% Val) and sample. For a majority of the whole prey items, AA concentrations were greater than the Association of American Feed Control Officials (AAFCO, 2012) domestic cat nutrient profile recommendations for growth and reproduction and adult maintenance; however, some whole prey had AA concentrations below the AAFCO (2012) recommendations: Met + Cys (1.10% DM) in ground duck (1.06% DM) and taurine (Tau; 0.20% DM) in 30-to-45-and >65-d-old rabbits (0.01 and 0.10% DM, respectively), 150-to-180-d-old mice (0.18% DM), and ground duck (0.15% DM). The TME n (3.76 to 6.44 kcal/g DM) expressed as the percent of GE (i.e., TME n /GE) ranged from 66 to 85%, demonstrating how variable the digestibility of these items may be and justifying more research in this area. Both Met and Tau are commonly added to commercial pet foods, so supplements are readily available to address potential deficiencies and improve protein quality. A direct comparison of the ME of whole prey items by in vivo feline and rooster experiments is needed.
INTRODUCTION
In zoos, whole prey items often are fed as dietary ingredients and for enrichment, with the aim of encouraging species-typical behavior (Bond and Lindburg, 1990; Shepherdson et al., 1993; Ziegler, 1995; Bennett et al., 2010; Kerr et al., 2013b) . For domestic cats, whole prey diets are one of a number of unconventional diets that have recently increased in popularity. Amino acid compositional and bioavailability data are needed to assess the nutritional adequacy of whole prey. Analyses of fecal samples are inaccurate because of the microbial fermentation of proteins in the large intestine. Ileal cannulation digestibility assays provide data on the true digestibility of AA but are costly, difficult to maintain, and seldom used in the cat (Mawby et al., 1999 ). An alternative method is the precision-fed cecectomized rooster assay.
The precision-fed cecectomized rooster assay has been used extensively for determining AA digestibility of feed ingredients, including those used in pet foods (Johnson et al., 1998; Folador et al., 2006; de Godoy et al., 2009; Faber et al., 2010; de-Oliveira et al., 2012) and in raw meat diets for captive exotic animals (Kerr et al., 2013a) . Cecectomy allows for digestibility estimates to be made without the confounding effect of microbial fermentation and protein from the ceca of birds. Johnson et al. (1998) directly compared the cecectomized rooster assay and the ileal-cannulated dog assay and reported that the precision-fed rooster assay was appropriate for predicting variation in AA digestibility among animal meals. Although we are not aware of direct comparisons with the ileal-cannulated cat assay, no difference in protein digestibility between cats and dogs was observed when CP digestibility was greater than 90% (Kendall et al., 1982) . Therefore, the cecectomized rooster assay is an appropriate model for evaluating AA digestibility among animal products. Our objective was to evaluate the AA composition of 19 commercially available mammalian and avian whole prey sources for domestic and captive exotic felids and to determine the standardized AA digestibility and nitrogen-corrected true ME (TME n ) using the precisionfed cecectomized rooster assay.
MATERIALS AND METHODS

Cecectomized Rooster Assay
All animal procedures were approved by the University of Illinois Institutional Animal Care and Use Committee before animal experimentation. A cecectomized rooster assay as described by Parsons (1985) was performed to evaluate standardized AA digestibility and TME n content of 19 whole prey items. The following whole prey were analyzed: mice (1 to 2, 10 to 13, 21 to 25, 30 to 40, and 150 to 180 d old), rats (1 to 4, 10 to 13, 21 to 25, 32 to 42, and >60 d old), rabbits (stillborn, 30 to 45 d, and >65 d old) , chicken (1 to 3 d old), and quail (1 to 3, 21 to 40, and >60 d old). Whole prey items were obtained as frozen whole carcasses (Rodent Pro, Inglefield, IN, and My Pet Carnivore, Indianapolis, IN [stillborn rabbits only] ). Additionally, a ground chicken sample and a ground duck sample (454 g each) were obtained (My Pet Carnivore). These ground samples contained meat, bones, and organs, including head and feet but excluded feathers.
Before analysis, whole prey items were lyophilized (Dura-Dry MP microprocessor-controlled freeze-dryer; FTS Systems, Stone Ridge, NY) and ground through a 2-mm screen (Wiley mill model 4; Thomas Scientific, Swedesboro, NJ). Seventy-six cecectomized Single Comb White Leghorn roosters were randomly allocated to the 19 whole prey items (n = 4; approximately 50 wk of age). Roosters were fasted for 24 h before being cropintubated with approximately 23 to 25 g of 1 of the 19 whole prey items. All excreta were collected over a 48-h period and then lyophilized. Whole prey and excreta were analyzed for N (AOAC, 2006; method 992.15) , AA (AOAC, 2006; method 982.30E), and GE by bomb calorimeter (model 1261; Parr Instrument Co., Moline, IL). Endogenous excretion of AA was measured using cecectomized roosters (n = 6) that were fasted for 48 h. The latter values were used to calculate standardized AA digestibility values, using the method described by Sibbald (1979) . Standardized digestibility data were analyzed using the Mixed Models procedure of SAS (SAS Inst. Inc., Cary, NC). The fixed effects of species and sample nested within species were tested. Rooster was considered a random effect. Differences among samples were determined using a Fisher-protected LSD with a Tukey adjustment to control for experiment-wise error. Contrast statements were used to test for linear and quadratic effects of size (i.e., average body mass as presented in Kerr et al., 2014b) within species for mice, rats, rabbits, and quail. A probability of P ≤ 0.05 was accepted as statistically significant. Reported pooled SEM were determined according to the Mixed Models procedure of SAS.
Amino Acid Score
Standardized digestibility was used to determine the protein digestibility corrected AA score (PDCAAS) using the following equation: limiting AA (LAA) = (mg of AA in 1 g of test protein × standardized AA digestibility (%))/(mg of AA in 1 g of reference protein × 100) (FAO/WHO/ÚNU Expert Consultation, 2007). To determine the impact of digestibility on scores, the AA score (AAS) also was calculated. The LAA was calculated using the following equation: LAA = (mg of LAA in 1 g of test protein/mg of LAA in 1 g of reference protein) × 100. The reference pattern used was the cat food nutrient profile minimum recommendations for growth and reproduction and adult maintenance provided by the Association of American Feed Control Officials (AAFCO, 2012). Scores were determined by selecting the AA with the lowest value (i.e., the first LAA).
True ME
Calculation of TME n was performed according to Parsons et al. (1992) . Two recommended procedures for ME estimation in food for domestic cats from the NRC (2006) were followed and compared to experimentally determined TME n values. Dietary GE (5.418 to 7.576 kcal/g DM) and dietary concentrations of CP (34.4 to 74.5% DM), fat (11.4 to 59.2% DM), and total dietary fiber (TDF; 0.49 to 7.2% DM) were obtained previously and are presented in Kerr (2012) . Nitrogenfree extract (NFE) was assumed to be 0%. For "unprocessed foods" such as whole prey, the NRC (2006) recommends the use of Atwater factors: ME 1 (kcal/g DM) = 4 kcal/g CP + 9 kcal/g fat + 4 kcal/g NFE. The NRC (2006) equation for estimation of ME in "processed" cat foods was also used: ME 2 (kcal/g DM) = DE -(0.77 × g CP). Digestible energy was estimated using the following NRC ( The fixed effect of estimation method was tested using the Mixed Models procedure of SAS. Differences among method were determined using a Fisher-protected LSD. A probability of P ≤ 0.05 was accepted as statistically significant. Reported pooled SEM was determined according to the Mixed Models procedure of SAS.
RESULTS AND DISCUSSION
Amino acid compositional and bioavailability data are needed to assess the nutritional adequacy of whole prey and for subsequent formulation of diets that meet nutrient requirements of domestic cats. Amino acid deficiencies and imbalances can impair health, growth, and reproduction. Concentrations and standardized digestibility of indispensable AA (IAA) and select dispensable AA (DAA) for the selected whole prey species are presented in Tables 1 and 2 , respectively. The results and discussion here will focus on IAA (Arg, His, Ile, Leu, Lys, Met, Phe, taurine [Tau] , Thr, Trp, and Val), total IAA (TIAA), total DAA (TDAA), and total AA (TAA).
Technically, Tau is a β-sulfonic acid; however, it is indispensable for the domestic cat, and it has been included herein with the IAA. Additionally, the domestic cat has combined requirements for Met + Cys and for Phe + Tyr, so data for Cys and Tyr are provided and discussed. Data for the remaining DAA (Ala, Asp, Glu, Gly, hydroxylysine, hydroxyproline, ornithine, Pro, Ser, and Tyr) are presented in Supplementary Tables 1 and 2 but will not be discussed.
For a majority of the whole prey items, AA concentrations were greater than the AAFCO (2012) recommendations for domestic cats. For ground duck, the combined concentration of Met + Cys (i.e., sulfur AA; 1.06% DM) was slightly lower than that recommended by the AAFCO (2012) for both growth and reproduction and adult maintenance (1.10% DM). Methionine is a methyl group donor and both Met and Cys are important constituents of proteins. Deficiency is associated with weight loss and lethargy. If ground duck is consistently lower than the recommended concentration, inclusion of a complementary protein or dl-Met into the diet may be beneficial. Taurine was lower than that recommended by the AAFCO (2012) for dry and canned cat food (0.10 and 0.20% DM, respectively) for 30-to-45-d-old rabbits (0.01% DM) and >65-d-old rabbits (0.10% DM). Additionally, Tau concentrations were lower than recommended by the AAFCO (2012) for canned foods (0.20% DM) for 150-to-180-d-old mice (0.18% DM), and the ground duck sample (0.15% DM). The appropriate Tau concentration for whole prey diets has not been determined; however, Glasgow et al. (2002) reported dilated cardiomyopathy due to Tau deficiency in a domestic cat fed a ground whole rabbit diet (Tau = 0.13% DM). Additionally, heart muscle changes consistent with Tau deficiency were observed in 70% of the remaining cats fed the whole rabbit treatment in that study. When fed whole rabbits (Tau = 0.60% DM; i.e., higher than recommendations for domestic cats) for 26 d, cheetahs maintained serum Tau concentrations (Depauw et al., 2013) . These data indicate that when feeding whole prey, special care should be made to ensure Tau concentrations are greater than the recommendation for domestic cats.
Standardized AA digestibility varied greatly across samples. There was an 8 to 15 percentage unit difference between the minimum and maximum coefficients for each IAA. Across all samples, His and Met had the highest average digestibility coefficients (92 and 93%, respectively), while Ile, Thr, and Val had the lowest (87%). Differences in AA digestibility depended on species and AA examined. Standardized TAA digestibility was lower (P < 0.05) for quail (84%) compared to all other species and lower (P < 0.05) for rabbit (87%) and mouse (87%) compared to rat (90%), duck (90%), and chicken (92%). Standardized TIAA digestibility was lower (P < 0.05) for quail (85%) compared to all other species; lower (P < 0.05) for mouse (88%) compared to rat (90%), duck (91%), and chicken (92%); and lower (P < 0.05) for rabbit compared to chicken. Examining the differences in species for TIAA digestibility coefficients illustrates the 1 TIAA = total indispensable AA; TDAA = total dispensable AA; TAA = total AA.
2 Significant quadratic effect of size within species (P < 0.05).
3 Significant linear effect of size within species (P < 0.05).
typical pattern across individual AA. Compared to other species, chicken consistently had one of the highest mean standardized AA digestibility coefficients and there were no differences between 1-to-3-d-old and ground chicken samples. Compared to other species, quail consistently had one of the lowest mean standardized AA digestibility coefficients and there were no differences between 1-to-3-, 21-to-40-, and >60-d-old quail samples. The duck sample typically had intermediate to high digestibility compared to other species; however, digestibility coefficients for Tau (85%) and Trp (86%) were low. Mean standardized AA digestibility coefficients were typically intermediate for mouse, rat, and rabbit compared to other species; however, within each species there were differences between samples. For rabbits, there was no difference (P > 0.05) between samples for TIAA (87 to 89%) and TAA (86 to 88%) digestibility coefficients. For most IAA, digestibility coefficients did not differ due to rabbit sample and, therefore, the comparison of rabbit vs. other species would be valid. However, standardized digestibility of Arg exhibited a linear decrease (P < 0.05) with rabbit age and was lower (P < 0.05) for 30-to-45-d-old rabbits compared to stillborn rabbits (86 vs. 92%), while Tau and Trp exhibited linear increases (P < 0.05) with increasing rabbit age and were higher for 30-to-45-d-old rabbits compared to stillborn (88 vs. 83% and 90 vs. 84%).
For mouse and rat samples, IAA digestibility differed between samples within the same species, indicating that using a species mean for comparisons may not be appropriate. For each of these species, most IAA followed a typical pattern of digestibility across samples (described in more detail below). Only Tau and Trp did not fit these typical patterns. For mice, digestibility coefficients of Tau and Trp were higher (P < 0.05) for 30-to-40-d-old mice compared to 1-to-2-and 10-to-13-d-old mice and were higher (P < 0.05) for 21-to-25-and 150-to-180-d-old mice compared to 1-to-2-d-old mice. For rats, digestibility coefficients of Tau were higher (P < 0.05) for 10-to-13-d-old rats compared to 1-to-2-and 21-to-25-d-old rats. Digestibility coefficients of Trp, for rat samples, followed a similar numerical pattern to those for Tau but were not significantly different. Multiple factors may have contributed to the different patterns of digestibility of Tau and Trp across sample, including tissue distribution, and altered absorption. Taurine is important for function of the heart, eye, and central nervous system, but it is not incorporated into proteins (NRC, 2006) . Tryptophan is incorporated into proteins; however, it is also an important precursor for serotonin, a neurotransmitter (NRC, 2006) .
Standardized TAA and TIAA digestibility coefficients were lower (P < 0.05) for 30-to-40-d-old mice compared to 1-to-3-, 21-to-25-, and 150-to-180-d-old mice. Compared to other mouse samples, 30-to-40-d-old mice consistently had one of the lowest mean AA digestibility coefficients, while 150-to-180-d-old mice had one of the highest means. Digestibility coefficients for 10-to-13-d-old mice were typically low to intermediate, while coefficients for 1-to-4-and 21-to-25-d-old mice were typically intermediate to high. Standardized digestibility of Arg, His, Lys, TDAA, and TAA all exhibited a negative quadratic effect (P < 0.05) with age, with the 30-to-40-d-old mice having the lowest coefficients.
Standardized TAA digestibility was lower (P < 0.05) for 32-to-42-d-old rats compared to 1-to-4-, 10-to-13-, and >60-d-old rats and lower (P < 0.05) for 21-to-25-d-old rats compared to 1-to-4-and 10-to-13-d-old rats. Standardized TIAA digestibility was lower (P < 0.05) for 32-to-42-d-old rats compared to 1-to-4-, 10-to-13-, and >60-d-old rats and lower (P < 0.05) for 21-to-25-d-old rats compared to 10-to-13-d-old rats. Compared to other rat samples, 32-to-42-d-old rats consistently had one of the lowest mean AA digestibility coefficients, while 10-to-13-d-old rats had one of the highest means. Digestibility coefficients for 21-to-25-d-old rats were typically low to intermediate, while for 1-to-4-and >60-d-old rats, they were typically intermediate to high. Standardized digestibility of Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Val, TIAA, TDAA, and TAA all exhibited a negative quadratic effect (P < 0.05) with age, with the 32-to-42-d-old rats (101.2 g) having the lowest coefficients.
Values for individual IAA, TAA, TIAA, and TDAA were greater than those reported for meat and bone, lamb, and poultry byproduct meals (TIAA: 67 to 84%; TDAA: 57 to 80%) but similar to those reported for fish byproducts, fish meals, and fish substrates (TIAA: 88 to 93%; TDAA: 86 to 94%); for pork, beef, and chicken muscle meats (TIAA: 86 to 89%; TDAA: 86 to 88%); and for raw beef-, horse-, elk-, and bison-based raw meat diets (TIAA: 92 to 94%; TDAA: 88 to 92%; Johnson et al., 1998; Folador et al., 2006; Faber et al., 2010; Kerr et al., 2013a) . It is unclear why standardized digestibility coefficients were not different between samples within chicken and quail species given the differences in age, size, etc. For mice and rats, there appears to be a decrease in AA digestibility with increasing age during active growth (i.e., from approximately 1 to 4 d of age to 30 to 45 d of age), which may be due to multiple factors, including age related differences in tissues (i.e., increasing amounts of hair, bone deposition, etc.) and animal management practices due to age (i.e., pre-versus postweaning, diet changes with age, etc.).
Limiting AA data using AAS and PDCAAS methods are presented in Table 3 . The only potentially LAA (i.e., AAS < 100 or PDCAAS < 100) were Cys + Met (47 and 100% of samples, respectively), Met (100% of samples), Tau (53 and 63% of samples, respectively), and Trp (11 and 47% of samples, respectively); however, the first LAA depended on sample. For 9 of the whole-prey items, the first LAA was Tau and the AAS and PDCAAS were low (3 to 70 and 3 to 58, respectively). The remaining 10 whole prey items had AAS greater than 80 and PDCAAS greater than 70 and their first LAA were Met or combined requirement of Cys + Met, which are similar to those that can be calculated for animal-based proteins commonly used in pet foods (Murray et al., 1997; Johnson et al., 1998; Dozier et al., 2003; Folador et al., 2006; Cramer et al., 2007; Faber et al., 2010; Kerr et al., 2013a) . For 6 of those 10 samples, the first LAA was Met when using the AAS method versus Cys + Met when using the PDCAAS method. Cysteine is an important component of keratin and other fibrous proteins, which typically have low digestibility. Inclusion of these proteins in the whole prey (e.g., skin, hair, and feathers) may explain why Cys digestibility coefficients were low (>70%) and, subsequently, the difference in the first LAA between methods. Overall, AAS and PDCAAS indicated that supplementation with Met and Tau would improve the protein quality of most whole prey items. As discussed above, Tau supplementation may be needed to meet the requirements of the domestic cat for some samples. Most whole prey (all but ground duck) were high in protein (TAA > 45% DM) and would likely meet requirements as regards the remaining AA if fed as the sole diet item. However, it is not always practical or necessarily advisable to feed only 1 whole prey type (i.e., when other nutrient concentrations are below recommendations). When whole prey are included as a dietary ingredient, a complementary protein can be selected, or when necessary, Tau and Met could be supplemented up to or above the recommended concentration.
The feeding value of whole prey is affected not only by AA content and digestibility but also by energy. The TME n (3.76 to 6.44 kcal/g DM) expressed as the percent of GE (i.e., TME n /GE) ranged from 66 to 85% Table 4 . Both ME 1 (mean: 4.98 kcal/g) and ME 2 (mean: 5.67 kcal/g) overestimated (P < 0.05, SEM = 0.135) TME n (mean: 4.58 kcal/g). According to the Pearsons correlation, GE, ME 1 , and ME 2 all predicted a high amount of the variation in total ME (P < 0.05; r = 0.955, r = 0.925, and r = 0.964, respectively). Two recent feline nutrition studies reported ME data for 1-to- 3-d-old and whole ground chicken obtained from the same suppliers used herein (Kerr et al., 2013b (Kerr et al., , 2014a . Kerr et al. (2013b) reported estimated ME (e.g., ME = DE -(0.77 × CP)) of 1-to-3-d-old chicks (CP: 76% DM; fat: 16% DM; and GE: 5.5 kcal/g DM) and whole ground chicken (CP: 47% DM; fat: 37% DM; and GE: 6.2 kcal/g DM) using in vivo data (GE digestibility: 83 and 95%, respectively) from African wildcats (Felis silvestris lybica). Kerr et al. (2014a) reported ME (e.g., ME = DE -urinary energy) of 1-to-3-d-old chicks (CP: 72% DM; fat: 20% DM; and GE: 5.9 kcal/g DM) and whole ground chicken (CP: 54% DM; fat: 37% DM; and GE: 6.2 kcal/g DM) using in vivo data (GE digestibility: 83 and 95%, respectively) from domestic cats. Both studies reported slightly lower ME for 1-to-3-d-old chicks (4.0 and 4.3 kcal/g DM) than reported herein using roosters (4.45 kcal/g DM), while ME data were more similar for whole ground chicken (5.5 vs. 5.53 kcal/g DM). These data indicate that ME estimated from the cecectomized rooster model may be appropriate for estimating ME in whole prey for felines. However, further investigation is warranted. For example, whole prey items were ground before analysis in the rooster assay, which may impact the TME n . In particular, these estimates may be inaccurate for whole prey that would not be consumed completely by the animal (e.g., large rabbits fed to domestic cats).
Conclusions
In summary, average individual IAA and TIAA digestibility coefficients ranged from 80 to 97% and 84 to 94%, respectively, but depended on AA and whole prey item. Typically, 150-to-180-d-old mice; 1-to-4-, 10-to-13-, and >60-d-old rats; and chicken and duck samples had individual IAA and TIAA digestibility coefficients on the high end of the range, whereas 21-to-25-and 30-to-40-d-old mice, quail samples, and 32-to-42-dold rats had digestibility coefficients on the low end of the range. Taurine and Trp, however, did not follow the same pattern as other AA.
For a majority of the whole prey items, AA concentrations were greater than the AAFCO (2012) domestic cat nutrient profile recommendations for growth and reproduction and adult maintenance; however, some whole prey had AA concentrations below the AAFCO (2012) recommendations: Met + Cys (1.10% DM) in ground duck (1.06% DM) and Tau (0.20% DM) in 30-to-45-and >65-d-old rabbits (0.01 and 0.10% DM, respectively), 150-to-180-d-old mice (0.18% DM), and ground duck (0.15% DM). Both Met and Tau are commonly added to commercial pet foods, so supplements are readily available to address these potential deficiencies.
Overall, AAS (3 to 97) and PDCAAS (3 to 88) indicated that supplementation of whole prey items with Met and Tau would improve the protein quality of most whole prey. The only potentially LAA (i.e., AAS < 100 or PDCAAS < 100) were Cys + Met (47 and 100% of samples, respectively), Met (100% of samples), Tau (53 and 63% of samples, respectively), and Trp (11 and 47% of samples, respectively). The first LAA (Met, Met + Cys, or Tau) depended on sample and method used (i.e., AAS vs. PDCAAS).
The TME n (3.76 to 6.44 kcal/g DM) expressed as the percentage of GE (i.e., TME n /GE) ranged from 66 to 85%, demonstrating how variable the digestibility of these items may be and justifying more research in this area. Recent data from domestic cats and African wildcats fed 2 of the whole prey used herein indicated that the precision-fed cecectomized rooster model appears to be appropriate for determining ME in whole prey for felines. Both traditional equations for predicting ME in cat foods for domestic cats overestimated ME, if TME n reported herein truly reflect data for the cat. However, further investigation with direct comparisons between rooster and felines is warranted. Table 4 . Nitrogen-corrected true ME (TME n ) of mammalian and avian whole prey diet items using the precision-fed cecectomized rooster assay 1 Item TME n , kcal/g ME 1 ME 2 TME n /GE, % 
